Abstract-In this paper, the selective harmonic elimination (SHE) technique is introduced for a cascaded H-bridgebased static VAR compensator (CHB-STATCOM) with unequal capacitive dc-link voltages. The asymmetric topology allows increasing the number of voltage levels while keeping the converter losses low. Moreover, reactive power control is realized by using the decoupled current control, and the voltage of individual capacitors is controlled by the help of SHE modulation. Mathematical equations are derived for synthesizing the multilevel ac waveform and regulation of dc-link voltages for a CHB inverter with an arbitrary number of H-bridge cells. Then, to verify the theoretical claims, simulation and experimental results are provided for a threephase CHB inverter with two H-bridge cells in each phase.
I. INTRODUCTION

F
ACTS devices are commonly used to improve the power quality in power systems. Static VAR compensator (STAT-COM) is one of these devices which has caught more attention in the last decade. For implementation of STATCOM, multilevel converters can be utilized due to their interesting merits such as lower harmonic generation and better efficiency compared to conventional two level converters [1] . The three most popular types of multilevel converter are categorized as 1) flying capacitor, 2) diode clamped, and 3) cascaded H-bridge (CHB)
converter [2] - [8] . Due to the modularity and having a lower number of components for synthesizing the same number of voltage levels, the CHB structure is a better choice for STAT-COM applications.
Traditionally, to obtain low harmonic distortion in the output voltage waveform of a symmetric CHB, the number of modules or the switching frequency is increased, which leads to higher cost or power losses, respectively. Asymmetric cascaded H-bridge inverter is an alternative approach to avoid these problems [9] . In this topology, by selecting unequal voltage values for the dc-link capacitors, the number of voltage levels is increased and consequently the quality of output waveform is improved. Furthermore, in this topology, the switching frequency of H-bridge cells has a reverse relation to the dc-link voltages. In other words, the cells with higher voltages will have lower switching frequencies, which leads to lower power losses and better efficiency. The advantages of the asymmetric multilevel CHB inverter has been investigated in [10] and [11] for the drive application. Both the symmetric and asymmetric CHB structures need isolated dc sources, which can be cumbersome; but, in reactive power compensation applications, this issue can be overcome by utilizing capacitive dc links instead of isolated dc voltage sources [12] . Hence, the control system of the CHB-based STATCOM should fulfill the following objectives: 1) reactive power control in the network and 2) regulation of capacitors' voltages. Several solutions for regulation of capacitors' voltages in CHB-STATCOM have been proposed in literature. In [12] - [17] , the dc-link voltage balancing has been achieved by inserting a compensation term to the modulation voltage of H-bridge cells in the phase shift pulsewidth modulation (PS-PWM). In these methods, voltages of capacitors are regulated to a fixed value that makes them inapplicable for asymmetric inverters. The authors in [18] - [20] employ switching redundancies to produce different voltage levels and to regulate the capacitors voltages to unequal values.
Two methods are introduced in [9] and [21] to maintain the capacitors' voltages in predetermined values in an asymmetric CHB-STATCOM. These strategies are based on a hybrid modulation technique, where the cell with higher voltage is switched in low frequency and the cell with low voltage is switched in high frequency. In these methods, for each H-bridge cell, an individual voltage control loop is needed, which makes the whole control system more complex.
Selective harmonic elimination (SHE) has been suggested in [22] as a modulation technique for a CHB-based STATCOM. In the SHE technique, the low switching frequency is employed and the converter losses is the minimum possible value. In [22] , instead of capacitive dc links, dc power sources with Buck converters have been employed to generate asymmetric dc voltages. Necessity to Buck converters will increase the number of components and the system complexity, which are not desirable for high power applications.
In this paper, a novel SHE modulation technique is introduced for implementation of asymmetrical CHB-based STAT-COM with capacitive dc links. In this method, the SHE modulation equations are derived to eliminate low-order harmonics and also to regulate the voltage of dc-link capacitors to desired values.
The structure of this paper is organized as follows. Section II describes the CHB-based STATCOM. The proposed control system for voltage regulation is presented in Sections III and IV. To verify the proposed control system, simulation and experimental results are provided in Sections V and VI. Conclusions are given in Section VII. Fig. 1 shows the structure of a three-phase CHB-based STAT-COM, where L s is the filter inductance, R s is the equivalent resistance of the filter, and V s,abc and V c,abc are three-phase voltages of the network and the output voltage of CHB inverter, respectively. The structure of each cell that contains four switches with antiparallel diodes and one dc-link capacitor is depicted in Fig. 2 . For modeling the switching and conduction losses in each cell, a parallel resistor (R dc ) is added to the dc link of each cell [12] , [23] .
II. CONFIGURATION OF CHB-BASED STATCOM
From Fig. 1 , the equations of CHB-based STATCOM can be written as follows:
Many solutions have been proposed to control this system. One of these methods is known as decoupled active and reactive power control. Section III describes this control approach in detail [3] , [4] , [7] , [12] - [14] .
III. DECOUPLED CURRENT CONTROL
In this control method, the system equations (1)-(3) in the abc stationary frame are transformed into the d-q synchronous frame and the equations can be written as is the angular frequency and α represents the phase of system voltage. Then, the active and reactive power flow in CHB-based STATCOM can be defined by
If the d-axis of the d-q reference frame is aligned to V sa , the value of V sq will be zero and the active and reactive powers can be controlled independently. Now, one can define the d-axis and q-axis reference currents by (7) and (8), respectively:
In above equations, active power reference is determined from the output of a proportional-integral (PI) regulator utilized for regulation of average dc-link voltages, and the reactive power reference is set by the higher level control system. The sum of dc-link voltage cells is calculated by
where V dc ij is the voltage of jth H-bridge cell in the ith phase.
With (4)- (9), the block diagram of control system can be obtained, as shown in Fig. 3 .
According to Fig. 3 , reference voltages of the inverter V * cd and V * cq can be obtained and applied by a proper modulation technique to the inverter. From these two reference values, the modulation index (M) and the phase difference between the inverter voltage and the grid voltage (δ), for controlling the active and reactive power, can be determined as
If the CHB inverter can synthesize the ac terminal voltages according to (10) and (11), the control goals including the reactive power control and regulation of average voltage of all dc links will be satisfied. However, for achieving desired voltage values (or unequal values) for individual dc links, a supplementary control system is required. This control method is described in the next section.
IV. VOLTAGE REGULATION OF INDIVIDUAL DC LINKS
Voltage regulation of individual dc links is achieved by the SHE modulation. In other words, this modulation technique is utilized not only for reduction of switching losses, but also for regulation of individual dc links. In this modulation technique, at first, the appropriate switching instants for controlling the fundamental harmonic, elimination of low order harmonics, and regulation of dc-link voltages are determined by off-line calculations; then, switching angles are stored in look-up tables to be used by the inverter control system. As mentioned earlier, the hybrid (or asymmetric) multilevel inverter generates the higher number of voltage levels in its output, which makes it a desired choice for power quality applications. In Table I , different dc voltage ratios for a CHB inverter with N cells in each phase are considered and the corresponding number of redundant switching states and the total number of voltage levels that can be synthesized are given. For example, the first row shows the symmetric case where the voltages of dc links are equal together. The second and third rows are related to asymmetric cases where the voltage of dc links are set as (
respectively. The readers are referred to [24] for further explanations.
In this paper, the dc voltage ratio (1:3:9 . . . ) is chosen to synthesize the highest number of voltage levels, according to Table I . Fig. 4 shows a predefined switching pattern for a converter with N cells in each phase with dc-link ratio of (1:3:9 . . . ) and 3
N voltage levels at the ac terminal. In the following, the mathematical calculations for finding the switching angles are given, where dc-link voltages are regulated by the modulation technique. By applying the Fourier analysis to the predefined waveform in Fig. 4 , the following relations are derived for the fundamental harmonic terms such as 5th, 7th, . . . :
where V f is the amplitude of fundamental harmonic, θ 1 , θ 2 , . . . are switching angles, and n represents the harmonic order. 
where ϕ represents the phase angle between the grid voltage and grid current and I m is the amplitude of grid current. One can obtain the charging equation for the jth capacitor by the following equation:
Using (14) and noting to the waveform in Fig. 4 , the charging equation for any of capacitors in one period is obtained as (15) , shown at the bottom of this page. By doing some more calculations, (15) can be simplified as (16) , shown at the bottom of this page.
Moreover, under the steady-state condition, the input active power to the converter is equal to cells losses, which is given in (17) , shown at the bottom of this page. Furthermore, the mean value of each capacitor voltage should remain constant at steady state; hence, the charge values in (16) are set to zero. Now, by considering this point and combining (16) and (17), and inserting V f value from (12) , (18) is obtained, shown at the bottom of the next page. Therefore, to guarantee the voltage regulation of capacitors, (18) must be satisfied in the corresponding SHE technique. In other words, by inserting the defined criterion in (18) to the SHE equations and solving the equations based on it, one can guarantee the voltage regulation of capacitors at the desired values, i.e., V dc , 3V dc , . . . , 3 N − 1 V dc . It is worth noting that in the proposed set of SHE equations, there are (
2 ) degrees of freedom that are used to 1) control the amplitude of fundamental harmonic, 2) to eliminate the harmonic terms such as 5th, 7th, . . . , and 3) to satisfy (18) by the remaining N−1 degrees of freedom. Fig . 5 illustrates the overall block diagram of control strategy. As it can be seen from Fig. 5 , the decoupled current control system reads the capacitors' voltages, phase currents, and grid voltages. Then, based on differences between the estimated active and reactive powers and the active and reactive power references, the modulation index M and the phase shift δ are calculated. Finally, based on calculated M, δ, and (12) and (18), the switching angles are computed and applied to the CHB inverter.
In this method, by using the low-frequency switching, switching losses are decreased and the efficiency is increased. By using asymmetric voltages in dc sides, the output waveform of inverter is enhanced compared to symmetric inverters. Also, the capacitors' voltages are kept constant when the reference of reactive power is changed.
V. SIMULATION RESULTS
To verify the proposed control method, several simulations have been done in PSCAD/EMTDC environment. Since the hardware prototype has N = 2 cells in each phase, the simulations are also performed with the same number of H-bridge cells. Hence, for the case of N = 2 and according to Fig. 4 and (18), four degrees of freedom are obtained. One degree is used to control the fundamental harmonic, two degrees are dedicated to eliminate the 5th and 7th harmonic terms, and the last one is used to regulate the capacitor voltages according to (19) . The simplified form of (19) is written as (20) for N = 2 cells. In fact, by setting the parameters as j = 1, i = 2, and N = 2 in (18) and noting that V dc i and V dc j are dc-link voltages of ith and jth cells (
, one can derive the following condition for voltage regulation:
Different methods have been presented in literature to solve the SHE equations. In this paper, the particle swarm optimization (PSO) method [25] is used, and switching angles obtained at different modulation indices are shown in Fig. 6 . Table II shows the parameters of selected system for the simulation study. Also, Fig. 7 shows the phasor diagram of CHB-STATCOM in inductive and capacitive modes. In Fig. 7 , the term V s represents the amplitude of grid phase voltage, V c is the output voltage of inverter, which is equal to MV f , M is the modulation index, and V f represents the fundamental harmonic of the output voltage of inverter, which is determined by (12) . In addition, R s and L s are the equivalent resistance and inductance of the network, respectively, and I s is the grid current. According to Fig. 7 , in the capacitive mode (or when the reactive power is injected to the grid by STATCOM), V c is greater than V s . So in this condition, the modulation index will increase. On the other hand, in inductive mode (or when the reactive power is absorbed by the STATCOM), V c is smaller than V s . So, in this condition, the modulation index will decrease [26] . Hence, from the design point of view, the maximum modulation index, i.e., M = 1, is considered for full capacitive compensation mode and the minimum modulation index, i.e., M = 0.6, is considered for full inductive compensation mode. It is worth mentioning that other operation points of the STATCOM, such as half-capacitive and half-inductive modes are located within the above range. From Fig. 6 , it can be seen that by extracting the switching angles for the above modulation range, the whole reactive compensation range of the converter is covered. The simulation and experimental results of the full-capacitive and inductive modes are demonstrated in Figs. 8-11 to confirm the feasibility and effectiveness of the proposed method.
A. Operation of System in Steady State
Fig . 8 shows the grid voltage V s and grid current I s in two different operating modes. In Fig. 8(a) , the current lags the voltage by 88°(inductive mode), while in Fig. 8(b) the current leads the voltage by 88°(capacitive mode). In both modes, the nominal reactive power is transferred and the total harmonic distortion of current remains lower than 5%. Also, in Fig. 9 , the grid and the synthesized voltage by the inverter are illustrated. As previously mentioned and seen in Fig. 9 , when the inverter injects reactive power to the grid, the fundamental harmonic of voltage is greater than the source voltage. On the other side, when the inverter absorbs reactive power, the fundamental harmonic of voltage is lower than the source voltage.
Moreover, from Fig. 10 , one can observe that the capacitors' voltages have been well regulated and the voltage ripple is less than 10% in both operating modes.
B. Operation of System in Dynamic State
In dynamic states, the STATCOM should be able to generate both inductive and capacitive reactive power commands quickly, while the dc-link voltages remain constant.
In this paper, a stepwise reactive power change from full inductive mode to full capacitive mode is generated at t = 15 s to verify the dynamic behavior of system. The obtained dynamic response is shown in Fig. 11. From Fig. 11 , it can be seen that the transient time does not take more than 40 ms while the low frequency switching technique is employed. Fig. 12 depicts the harmonic spectrum of inverter output voltage. It can be seen that the 5th and 7th harmonics have been almost eliminated (less than 1%), which confirms the satisfactory implementation of SHE method.
VI. EXPERIMENTAL RESULTS
To validate the proposed control and modulation method, a scaled down laboratory prototype has been implemented and shown in Fig. 13 . Since a three-phase two-cell inverter is used, all triplen harmonics are eliminated automatically in the lineto-line voltages. A floating point digital signal processor (DSP) processor (TMS320F28335) is used to implement the control and modulation approach. The experimental system parameters of CHB-based STATCOM are listed in Table III . Similar to simulation study, the experimental results are investigated under steady-state and dynamic conditions. Fig. 14 shows the steady-state behavior of the three-phase system in capacitive and inductive modes. Also, Fig. 15 illustrates the corresponding output waveforms in two operating modes.
Finally, Fig. 16 depicts the dynamic behavior of the proposed approach in practice. In this test, the STATCOM is operated in inductive mode at first, and at t 0 , the operating mode is changed to capacitive mode in a stepwise manner. This figure also shows the voltage of dc-link capacitors in phase A under the dynamic condition. As can be seen, the voltages of capacitors remain constant and the grid current follows the command.
VII. CONCLUSION
This paper presented a novel modulation method for asymmetric CHB inverters that employ the low-frequency switching method. In the PWM techniques, the efficiency of converter was reduced due to high switching losses; but, in this paper, the switching loss was kept as minimum as possible. By using asymmetric voltages for dc links, the maximum number of voltage levels was synthesized at the output. This approach gave a better waveform in output of inverter, so the quality of the power system will be enhanced. At the end, the simulation and experimental results confirmed the validity of proposed method under both steady-state and dynamic conditions.
